Electric-field effect control of two-dimensional electron gases (2-DEG) has enabled the exploration of nanoscale electron quantum transport in semiconductors. Beyond these classical materials, transition metal-oxide-based structures have d-electronic states favoring the emergence of novel quantum orders absent in conventional semiconductors. In this context, the LaAlO 3 /SrTiO 3 interface that combines gate-tunable superconductivity and sizeable spin-orbit coupling is emerging as a promising platform to realize topological superconductivity. However, the fabrication of nanodevices in which the electronic properties of this oxide interface can be controlled at the nanoscale by field-effect remains a scientific and technological challenge. Here, we demonstrate the quantization of conductance in a ballistic quantum point contact (QPC), formed by electrostatic confinement of the LaAlO 3 /SrTiO 3 2-DEG with a split-gate. Through finite source-drain voltage, we perform a comprehensive spectroscopic investigation of the 3d energy levels inside the QPC, which can be regarded as a spectrometer able to probe Majorana states in an oxide 2-DEG.
in this field focus on hybrid devices made of a semiconductor nanowires coupled to conventional superconductors [4] [5] [6] [7] , oxide heterostructures offer a new material-based approach to this question.
Transition metal oxides present a wide variety of electronic properties, from superconductivity to magnetism that, combined in artificial heterostructures with atomically sharp interface, provide a unique opportunity for the generation of novel emergent properties and functionalities [8] . The LaAlO 3 /SrTiO 3 interface, discovered by Ohtomo and Hwang in 2004 , is a prime example [9] . While both materials are wide-gap band insulators, growing a thin layer of LaAlO 3 on top of SrTiO 3 leads to the formation of a high mobility 2-DEG at the interface, whose carrier density can be tuned by means of top-, side-and back-gating [12] [13] [14] . Beyond a certain filling threshold, likely related to a Lifshitz transition in the band structure [10, 11] , the interface exhibits superconductivity with a gate-tunable critical temperature. The breaking of translational symmetry in the interfacial quantum well also generates a spin-orbit coupling of Rashba type, whose strength can be tuned by gate voltage [15] [16] [17] [18] . Superconductivity and Rashba spin-orbit coupling, which remarkably coexist in LaAlO 3 /SrTiO 3 , are the two main ingredients required to generate superconducting topological phases [1, [19] [20] [21] . The LaAlO 3 /SrTiO 3 interface could therefore serve as platform to fabricate devices in which these two properties could be tuned at the relevant scales using a set of nano-gates.
In this article, we report on the fabrication of a QPC at a LaAlO 3 /SrTiO 3 interface, a prototypical mesoscopic device made by the deposition of a metallic split-gate on a 2-DEG [22] . The observation of well-defined plateaus in the conductance of the device, quantized in integer values of 2e 2 /h (where e is the electron charge and h is the Planck constant), indicates ballistic transport involving a limited number of conduction channels which are spin degenerate. By measuring non-linear transport at finite source-drain voltage, we perform a spectroscopy of the 3d-levels and extract the characteristic energies of the confinement potential. Under a magnetic field, we observe the formation of spin-polarized subbands and determine the Landé g-factor, whose value of order of 1 strongly differs from that of the free electrons. The demonstration of quantized conductance in LaAlO 3 /SrTiO 3 QPC is the first step towards the realization of a spectrometer able to provide distinctive signatures of topological superconductivity in oxide 2-DEGs [23, 24] .
In a QPC, quantization of conductance is observed when the width of the constriction is comparable with the Fermi wavelength λ F = 2πh √ 2mE F [22] . In addition, the length, L, of the channel between the reservoirs must be smaller than or comparable to the elastic mean free path l e for ballistic transport to take place. QPCs are nowadays routinely fabricated in semiconducting heterostructures such as AlGaAs/GaAs ones in which the very low carrier density (∼10 11 cm −2 ) results in large values of λ F ( 50 nm) [29] . The extreme cleanliness of these heterostructures also results in a large mean free path that can exceed several micrometers at low temperatures [29] . In contrast, the 2-DEG at the separated by an energyhωy. the two fingers at the centre of the split-gate is W = 25 nm, which is comparable to the Fermi wavelength of the 2-DEG. Near the bottleneck of the constriction, the split-gate imposes a smoothly varying confining potential that can be modeled by a saddle form (Fig. 1d ) [28] V (x, y)
where V 0 is the potential at the centre of the QPC, m is the electron mass and the frequencies ω x and ω y define the curvatures of the potential in the two directions. Because the potential along the y direction is that of an harmonic oscillator, the lowest energy band of the 2-DEG is split into several 1D subbands. The number of conduction modes involved in the transport, which is related to the width of the constriction, is controlled by the split-gate voltage V SG . For a given value of V SG , channels corresponding to subbands of energies E n = V 0 + (n + 1/2)hω y , which are smaller than E F , are open and participate to the conduction through the constriction. In the framework of the Landauer-Buttiker formalism, the contribution of each channel to the conductance of the QPC is given by its transmission T n [28] :
where n = 2(E − E n )/hω x . The total conductance is the sum of the conductance of each of the channels, G = n T n G 0 , where
is the quantum of conductance for spin degenerate subbands.
After fabrication, the sample was anchored to the mixing chamber of a dilution refrigerator and connected to coaxial lines that include low pass LC filters and copper powder filters at the lowest temperature stage. The differential conductance, G(V sd )=dI/dV sd , was measured with a small ac excitation current using standard lock-in techniques in a four-terminal configuration. After cooling the sample, the back-gate voltage was first swept to a maximum value (V BG = 15 V) to ensure that no hysteresis would take place upon further gating [30] . During this forming step, the 2-DEG and . As seen in Figure 2 , a maximum of three plateaus can be identified in this gate range, corresponding to λ F 15 nm. A clear quantization of the conductance, such as that observed here, only occurs when ω y > ω x . This is confirmed by the fit shown in Fig.   2 inset, which provides a ratio of ω y /ω x 2.5. Previous studies have reported the fabrication of split-gate devices in LaAlO 3 /SrTiO 3 but without achieving the quantization regime [35] .
The value of ω y characterizing the harmonic confinement potential can be determined experimentally by measuring the conductance at non-zero source-drain voltage [32, 33] . In Fig. 3a , we plot a series of conductance curves, G(V sd ) recorded for sequential steps in the split-gate voltage [33] .
Large nonlinearities are observed for applied biases comparable to the subband energy spacing. For and right reservoirs are shifted by an amount eV sd . When this energy exceeds the splitting between two subbands (eV sd >hω y ), the number of transport modes available for left-going and right-going electrons differs by one, which produces additional half plateaus at conductance values of (n+1/2)G 0 [32] [33] [34] . This is seen at points labelled C and D in Fig. 3a , further confirming the quantization of the conductance. Although these additional plateaus are predicted to be midway between those given by Eq. (2), some deviations of the conductance from half-integer values are also expected in particular for small numbers of channels [34] . An asymmetry is observed in V sd which is likely due to an intrinsic asymmetry in the electrostatic potential defining the constriction. Non-linear transport can also be analysed by plotting the transconductance of the QPC, dG/dV SG (V sd ), corresponding to the derivative of G with respect to the split-gate voltage (Fig. 3b) . In contrast to the series of conductance curves of consecutive energy levels can be directly measured through the source drain voltage at the edges of the diamonds. At point "H" in Fig.3b , we readhω y = eV sd ("H") 0.65 meV, which is consistent with the splitting between the d xy subbands due to lateral confinement in the QPC. Considering the ratio ω y /ω x 2.5 previously extracted from the fit in Fig. 2 inset, we obtainhω x 0.26 meV, which parametrizes the confinement potential of Eq. (1).
We now investigate the effect of a magnetic field B perpendicular to the 2-DEG plane, on the energy levels of the QPC. As seen in Figure 4a , the plateaus of conductance in the G(V SG ) curve are now quantized in half-integer values of G 0 , which indicates that the spin degeneracy is lifted.
Consequently, the diamond-like structure is duplicated in the transconductance map of Fig. 4c .
The Zeeman splitting between spin-polarized subbands can be directly measured by following the evolution of transconductance at V sd = 0 V as a function of the magnetic filed (Fig. 4a inset) . The two spin bands are separated by an energy ∆E z = g * µ B B, where µ B is the Bohr magneton and g * is the Landé g-factor, which describes the susceptibility of the electronic spin states to the external field, and which fundamentally governs spin-transport characteristics, e.g. spin coherence [38] . Note that because of the reduced electron mobility in this depleted regime (µ 100 cm 2 V −1 s −1 ), the magnetic field used in this study is too weak to generate Landau levels and form hybrid magneto-electric subbands [36] .
To access ∆E z and calculate the g-factor, we measure δV SG at 6 T (Fig. 4a inset) and convert it into an energy scale through the measurement of the splitting generated by the source drain bias dV SG dV sd as reported in Fig. 3b [37] .
For the n = 2 conductance step we find g * = 0.85 ± 0.1. An estimate of the g-factor can also be obtained by fitting the conductance quantization curve of Fig. 4a , provided a Zeeman splitting term is introduced into Eq. (2) . With this method, we obtain a value g * = 0.9 ± 0.1, similar to that determined by the first method. It is consistent with values obtained by non-direct methods reported in the literature. For instance, in the low-doping regime, a g-factor between 0.5 and 1 was extracted from the analysis of the magneto-conductance in a weak-localization approach [15] . A g-factor of 0.95, close to our value, was also used to reproduce the experimental temperature dependence of ARPES spectrum [39] . The reduction of the g-factor with respect to the free electrons one is not currently understood in at LaAlO 3 /SrTiO 3 interfaces but has often be attributed to the effect of spin-orbit coupling. Its low value could explain the high-value of the parallel superconducting critical magnetic field which has been found to exceed the Pauli limit if considering a conventional value of g 2 [40, 41] .
In summary, we have demonstrated the realization of a QPC in the 2-DEG confined at the LaAlO 3 /SrTiO 3 interface, which exhibits a clear conductance quantization due to ballistic transport in a restricted number of conducting channels. The characteristics energy scales of the confinement potential extracted from non-linear transport are consistent with a d xy band transport. The measurement of the g-factor under a magnetic field performed on the n = 2 conductance step provides a value in the range 0.85-0.9 for the g-factor, which differs from that of free electrons. The conductance curve with plateaus at multiples of e 2 /h shown in Fig. 4a , is characteristic of the normal state of a QPC under a magnetic field. The demonstration of quantized conductance in oxide QPC is a first step towards experiments to study topological superconductivity in oxide 2-DEGs. Wimmer et al. showed that when the QPC is put in close contact with a non-trivial topological superconducting region, e. g. an hybrid superconducting/semiconducting nanowire with large SOC or a superconductor characterized by large SOC (Fig. 4b inset) , the conductance plateaus should appear at (2n + 1)2e 2 /h values [23, 24] . In this case, the current flows through a single Majorana state localized in the vicinity of the QPC. The n = 0 half integer plateau at a conductance of 2e 2 /h is topologically protected against disorder which is expected to provide a robust distinctive signature of the topological phase. Since LaAlO 3 /SrTiO 3 is a superconductor with large SOC, such situation can be practically realized by an additional top-gate which triggers superconductivity in the oxide 2-DEG in close proximity to the QPC as proposed in the device of Fig. 4b . In addition, QPC devices in materials with strong SOC are also of strong interest to realize a spin-polarizer. In particular, spin separation of the electrons could be achieved in an asymmetric QPC quantum well in the presence of lateral SOC resulting in an electrically-controlled spin-sensitive device [42] [43] [44] .
